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s u l t l i a R ï
Practice shows that controlled discharge of cohesive, non-free-floring
powdered meterial from a silo involves great difficulties as s result of
arch fornation and rat-hol ing.
Sinee discharge by Bravity is often inadequate a Ereat variety of devices
are used in industry in the promotion end control of flog.
À najor category of auxi l iary equipent is related to vibratory systems.
l lowever, in many cases i t  is inpossible to real ize discharge at a constaat
rate. l loreover, the span of f low control is general ly l ini ted.
Furthermore, there is a r isk of vibratory conpaetion, result iag in poor
f lowab i l i t y .
Ànother type of flow promoting devices is the so-celled pneumatic discharge,
in which the material is aerated around the outlet opening of the si lo. tJi th
this method the solids flon rate can be controlled by neans of varying the
air supply. In the case of e very cohesiye porder the nethod cannot be used
sat is fac to r i l y  because channe l in6  occurs .
Being part of the present research project, a device has been developed for
the control led discharge of cohesive powdered msterials from a si lo. ïhe
nethod is based on the application of combined seration end vibrat ion,
accomplished by vibrat ing a porous bottom p1ate, by shich air is introduced
simuLtaneously around the ori f ice periphery. À"s a result the cohesi.ve ponder
assumes more or less f luid-l ike propert ies, thus enabling a pneumatic
discharge l ike a free-f lowing powder.
ExperimenÈs were perforned with both a Laboratory scale silo and atr
industr ial scaled bin, confirming the general appl icabi l i ty of the discharge
system developed.
The mass flow rate of various cohesive powders ryas neasured as a function of
both the air f low rate.and interst i t ial  air pressure above the bottom plate.
The si lo geonetry, the ori f ice dia.aeter, the bed height and the vibrst ion
pararneters were varied.
Resu l ts  o f  th is  inves t iga t ion  are  presented  in  chapter  1  o f  th is  thes is .
I t  has  been shown tha t  the  re la t ion  be tween the  so l ids  f low ra te ,  t .he  a i r
f low ra te  and the  in te rs t i t ia l  a i r  p ressure  is  a f fecLed by  bo th  in te rna l
f r i c t ion  and poros i ty  changes o f  the  so l ids ,  In  i t s  tu rn  the  la t te r
phenomena are connected with the cohesion of the material as well  as the
v ib ra t ions  app l ied .
An important step in developing the above-nentioned method using
s inu l taneous aera t ion  and v ib ra t ion  has  been the  exper ience tha t  a  regu la r
and cont ro l lab le  d ischarge o f  cohes ive  powder  can never the less  be  rea l i zed
by  cont ro l l ing  the  in te rs t i t ia l  a i r  p ressure  in  the  d i rec t  v ic in i ty  o f  the
or i f i ce .  Based on  th is  p ressure  the  f low can be  descr ibed by  the  mechan ica l
energy  ba lance,  i .e .  the  sane re la t ion  ho lds  as  tha t  descr ib ing ,  the  f low o f
a  l iqu id  th rough an  or i f i ce ,  t {os t  o f  the  exper i rnenta l  d ischarge coef f i c ienLs
anounted to about 0.65 and appeared to be independent of the pararneters
mentioned above.
Cornb ined aera t ion  and v ib ra t ion  favours  "mass  f lon"  in  a  s i1o .  Th is  p roved
to be val id as well  when free-f lowing powders were used.
ïn  o rder  to  exp la in  the  e f fec ts  o f  bo th  v ib ra t ion  and aera t ion  on  the  f low
proper t ies  o f  cohes ive  powdered mater ia ls ,  inves t iga t ions  were  per fo rned
in to  the  mechan ica l  behav iour  and the  nob i l i t y  o f  a  ver t i ca l l y  v ib ra ted
powder  bed,  be ing  the  second par t  o f  the  present  research  pro jec t .  À
pro found ana lys is  o f  the  bed behav iour  and fu r ther  eva lua t ion  o f  theore t ica l
cons idera t ions  and mode ls  deve loped in  l i te ra tu re ,  a re  p resented  in  chapter
2  o f  t h i s  t h e s i s .
In  numerous  pub l ica t ions  i t  has  been èr ied  to  g ive  a  d i rec t  re la t ion  be tweên
the  v ib ra t ion  charac ter is t i cs  and the i r  e f fec t  on  the  phys ica l  opera t ion
l i ke  n ix ing ,  f low and convey ing ,  heat  t rans fer ,  v ib ra to ry  compact ion  and
f lu id iza t ion .  Th is  has  resu l ted  in  h igh ly  s inp l i f ied  rnode ls .  S ince  the i r
predictable value appeared to be rather low, the l i terature revieeÍ is
l- ini ted to those models which have been compared direct ly with the results
o f  exper iments  on  the  nechan ica l  bed behav iour .  F rom these inves t iga t ions
fur ther  conc lus ions  can be  drawn re la ted  to  the  e f fec ts  o f  v ib ra t ion  on
v a r i o u s  a p p l i c a t i o n s .
I t  has  been shown tha t  cons idera t ions  presented  in  l i te ra tu re  a re
essential ly the sarne. They have in conunon the basic idea that the bed
behaves  l i ke  a  r ig id  porous  so l id  body ,  o rn i t t ing  bed de format ion .
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Result ing from inert ia forces an air gap is forrned periodical ly between lhe
powder  bed and i t s  v ib ra t ing  base.  o r ig ina t ing  f ro rn  the  gap,  a  p ressure
gradient wi l l  develop, rneanwhile air is f lowing to or from it .  l lence
pressure  var ia t ions  occur ,  p ropagat ing  in  upwerd  d i rec t ion  in to  the  bed.
The work  descr ibed in  th is  thes is  has  es tab l i shed tha t  aLso the  la t te r
models have a very l i rnited val idity. In contrast with the rnethods used so
far ,  th is  has  been shown by  per fo r rn ing  h ig ,hLy  dynamic  in te rs t i t ia l  a i r
Pressure measurements at various heights in the powder bed. The experirnental
pressure curves appeared to dif fer considerabl_y frorn nodel predict ions.
I t  has  been shown tha t  the  in te rs t i t ia l  a i r  p ressure  is  c lose ly  re la ted  to
the bed deforrnation, The measuring rnethod used, presented a powerful neans
in  the  ana lys is  o f  the  nechan ica l  bed behav iour ,  resu l t ing  in  the  conc lus ion
tha t  inhonogeneous poros i ty  var ia t ions  occur .  rndeed,  th is  courd  be  made
v is ib re  in  the  l igh t  o f  a  sLroboscope and,  moreovêr ,  recorded w i th  a  h igh
speed f i l . rn cêmera.
thereËore, a model has been proposed in which the bed ls considered to be
sp l i t  up  in  hor izon ta l ,  a i r  per rneab le  s l i ces .  th is  so-ca1 led . 'porous  s l i ce
rnode l "  i s  descr ibed a t  the  end o f  chapter  2 .  rbs  f low char t  i s  p resented  in
append ix  1 .
Íhe equiprnent and rneasuring rtrethods used in the second part of this
inves t iga t ion ,  a re  descr ibed in  chapter  3 .  some spec i f i c  i tems,  v ï2 .  a
hydrau l i c  v ib ra t ion  sys te Í l  w i th  d isp lacemenl  cont ro l ,  the  techníque fo r
measur ing  in te rs l i t ia l  a i r  p ressurê  var ia t ions  w i th  a  min ia tu re  p ressure
t ransducer ,  and accessory  da ta-acqu is i t ion ,  e re  descr ibed in  append ices  2 ,  3
a n d  4 .
The resu l ts  o f  the  second par t  o f  th is  inves t lga t ion  are  prêsented  io  the
four  sec t lons  o f  chapter  4 .  Each sec t ion  is  fo l lowed by  a  f ine l  d iscuss ion
end conc lus ions .
Sec t ion  L  des ls  n i th  the  e f fec t ,s  o f  homogeneous ( ' .e las t i c ' . )  de format ion ,
wh ich  are  no t  cons ldered in  the  porous  s l i ce  mode1.  ?he exper iments  were
per fo rmed under  cond l t ions  *hen these e f fec ts  a re  dominant ,  i .e .  a t  very  low
v ibra t ion  in tens i t ies  .
Dynamic measurements of fr ict ion between a vibrated powder bed and a f ixed
na l l  a re  d iscussed in  sec t ion  D.
Resu l ts  p resented  in  sec t ions  B and C,  wh ich  are  o f  spec ia l  p rec t icaL
interest, are surnnarized belos.
Àccord ing  to  sec t ion  B the  nechan ica l  behav iour  o f  a  ver t i ca l l y  v ib ra ted
powder bed is affected by various parameters, ví2. the waveshape, anpl i tude
and f reguency  o f  v ib ra t ions ,  bed he igh t ,  e i r  f low,  wa l l  f r i c t ion  and por rder
proper t ies .  Genera l l y ,  the  bed behav iour  a t  usua l  v ib ra t ion  in tens i t ies ,
p roves  to  be  descr ibed sa t is fac to r i l y  by  the  porous  s l i ce  mode l .
Exper inenta l  resu l ts  o f  the  e f fec t  o f  v ib ra t ion  on  mob i l i t y  o f  a  v ib ra ted
powder  bed are  presented  in  sec t ion  C.  Two c r i te r ia  fo r  nob i l i t y  a re
d is t ingu ished,  namely  the  f lo r  -  no  f low c r i te r ion  and the  f low ra te
cr i te r ion .  In i t ia t ion  o f  f low proves  to  be  de ter rn ined by  iner t ia  fo rces
caused by  the  v ib ra t ions ,  as  I  resu l t  o f  impact  o f  bed layers ,  whereas  the
flowabil i ty proves to be deternrined by the size of the vibrat ion induced
per iod iea l  (pos i t i ve)  a i r  p ressure  pu lses .
The conplex nutual dependency of the various factors affect ing the bed
behav iour  d iscussed in  sec t ion  B,  was  found to  be  re f lec ted  in  the  nob i l i t y .
À main conclusion drawn from the second part of this study learns that i t
invo lves  grea t  d i f f i cu l t ies  to  ach ieve  a  cont ro l led  d ischarge o f  a  cohes ive
powder fron a si1o, by applying vibrat ion alone,
ïh is  has  to  be  a t t r ibu ted  to  the  low pred ic tab i l i t y  and
of  the  v ib ra t ion  induced a i r  p ressure  pu lses .
ïhe solut ion to this problem is shown in the f irst part
cont ro l  o f  the  (mean)  in te rs t i t ia l  a i r  p ressure  in  the
the  or i f i ce ,  by  rneans  o f  vary ing  a  separa te  gas  supp ly ,
adjustnent of the sol ids f low rate.
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Final ly, some propert ies of the powders used are nentioned in chapter 5.
For  fu r ther  charac ter iza t ion  o f  these powders  a  t r iax ia l  ce l l  has  been
deve loped.  I t  p roved to  be  su i tab le  fo r  inves t iga t ions  in to  the  fa i lu re
behav iour  o f  powders ,  under  a  we l l  de f ined s ta te  o f  s t ress .
Be ing  par t  o f  another  research  pro jec t  car r ied  ou t  a t  the  Un ivers i ty  o f
Groningen, this apparatus has been used for a fundarnental study on the
mechan ica l  p roper t ies  o f  cohes ive  powders .
